Surface morphology evolution of thin films generated by physical and pulsed-laser deposition depending on the incident particle energy and the pulse rate is investigated using a continuum growth model. The model includes curvature-induced surface diffusion, the Schwoebel barrier and surface atom displacement as main surface processes. The numerical solution of the model is in very good agreement with the results of kinetic Monte Carlo simulations, which also serve to estimate the continuum growth parameters, and with experimental results on thin Si films. The increase of the incident particle energy, starting from thermal energy, fundamentally influences the surface topography, changing from self-affine to self-organized morphology. © 1999 American Institute of Physics. ͓S0003-6951͑99͒03252-0͔
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The growth characteristics of thin films, primarily the surface roughness, 1 e.g., epitaxial (1ϫ1) Si͑001͒ growth, 2 are fundamentally influenced by the energy of the deposited particles and the temporal profile of the deposition flux. These two parameters are experimentally accessible by the different film preparation techniques, such as pulsed-laser deposition ͑PLD͒, sputtering ͑both with a medium energy of a few eV to tens of eV, pulsed or continuous temporal profile͒ and molecular-beam epitaxy ͑MBE͒ ͑thermal energy, steady-state temporal profile͒. These aspects are investigated by means of continuum models, 3-10 of the shape:
‫ץ‬h͑x,t ͒ ‫ץ‬t ϭF͓h͑x,t ͔͒ϩ͑ x,t ͒; xϭ͑x,y ͒ , ͑1͒
where F͓h(x,t)͔ denotes all kinds of atomic processes present ͑assumed to be spatially isotropic-the radial average for anisotropic systems͒, h(x,t) describes the surface height profile, and is a spatially and temporally uncorrelated Gaussian noise. In addition to curvature induced surface diffusion, 4, 7, 8 the Schwoebel barrier 9,11-13 causes a slope-dependent modification of the average diffusion behavior. The deposition conditions ͑a normal particle flux is assumed͒ modify the surface morphology by displacements of surface atoms via kinetic energy transfer 10,14 ͑experimen-tally a broad non-Maxwellian distribution with a peak at 20 eV and a high energy tail extending to Ϸ120 eV in the case of PLD 2 ͒. The macroscopic deposition rate ͑i.e., the time average͒ is assumed to be constant.
To test the validity of the model predictions, the results of a numerical solution are optimized for an agreement with a kinetic Monte Carlo model ͑KMC͒ 15 and with experimental transmission electron microscopy ͑TEM͒ investigations of the surface morphology of Si on Si ͑Ref. 2͒ by calculating the root mean square roughness and the height-height correlation function, which shows a distinct oscillatory behavior in the case of long range surface correlations. 16 The aim of this fit is to investigate which mechanisms experimentally play a dominant role, and whether and how they can be modeled, which would then allow us to use the simulations to tailor parameters for technically desired films. The continuum description applied in the following is the model for the Schwoebel effect by Politi, Elkinani, and Villain, 5, 6, 17 supplemented by the surface atom displacement effect:
where m denotes the local slope, l D the diffusion length ͑typically the width of a terrace, just before a new terrace is nucleated on top of it͒, l S the Schwoebel length ͑which is a measure for the asymmetry in the step edge sticking coefficients͒, 5, 6 and I is the flux. The coefficient D D controls curvature induced surface diffusion proportional to the diffusion constant, and C K the atomic knockout mechanism. The magnitude of the simulation parameters were optimized for an agreement with the KMC results ͑with the lattice parameter as length unit, and the numbers of monolayers at constant flux as time units͒. Starting with linear stability considerations ͑e.g., Ref. 4͒ and the development of the surface roughness in the early stages of growth at one specific substrate temperature (300°C) determines the relation of D D and l S , l D and C K (Iϵ1). The deposition noise intensity is chosen in agreement with the deposition flux. 10 The l D was estimated from the KMC images, l S by a fitting to the KMC results and C K from the incident particle energy distribution together with a displacement probability (C K ϭ0 in the case of thermal deposition and C K ϭ0.38 for energetic deposition͒. 14 The atomic knock-out effect was assumed to be temperature independent, whereas the other parameters depend on temperature: An Arrhenius-type behavior is assumed for D D ͑with the activation energy 0.55 eV͒, 10, 15 and the KMC results determine the temperature dependence of l D and l S .
The model is solved numerically for different pulsing rates and for unpulsed condition, using the Heun method 18 as temporal discretization and the standard finite difference scheme 19 for spatial discretization. The effect of pulsing is built in by varying the intensity and repetition rate of the deposition noise . While in the case of continuous noise the surface evolves continuously, in the case of pulsed deposition, the roughness generated by the pulses ͑turning on the noise͒ is smoothed out by the deterministic equation in the pulse breaks, leading to smooth hill-like structures. This can be seen from the simulated surface topographs and the experimental reflection high-energy electron diffraction ͑RHEED͒ oscillations. 20 Figure 1 shows four topographs generated by numerically solving the continuum model for pulsed deposition of 20 monolayers at temperatures of 200 and 400°C with different particle energies. Qualitatively, films produced at low temperature show a greater difference between thermal and energetic deposition, while this distinction vanishes almost completely at high temperature. From gray scale visualizations, hardly any difference between continuous deposition and film growth with different pulsing rates can be detected.
Quantitatively, the roughness depicted in Fig. 2 shows a pronounced decrease with temperature in the case of thermal deposition approaching the high temperature regime with the values determined for energetic deposition, which decrease much less. Pulsed deposition at different pulsing rates and continuous deposition differ mostly for high temperature, where the lowest pulsing rate shows the greatest smoothness on top of the hill-like structures in agreement with experimental observations 2 and KMC simulations. 15 However, the comparable approach of the high temperature roughness values takes place at a temperature about 100 K higher, which might be eliminated by further systematic parameter optimization. The observation, that structure formation obviously is more significant in the case of thermal deposition, is directly confirmed by the evaluation of the height-height correlation function in Fig. 3 : A distinct minimum and the second maximum are only present for thermal deposition, which is a direct consequence of the counteracting mechanisms ''surface atom displacement'' and ''Schwoebel barrier.'' This suggests that for energetic deposition, the surface is much better described as self-affine. 3 The surface atom displacement probability is largely temperature independent 2,14 in contrast to the other mechanisms considered. They dominate FIG. 1. Surface topographs generated by a numerical solution of the continuum model for pulsed laser deposition: The roughness is higher ͑a͒,͑c͒ for thermal deposition than ͑b͒,͑d͒ for energetic deposition and decreases with increasing temperature ͓͑a͒,͑b͒ 200°C, ͑c͒,͑d͒ 400°C͔. At high temperature, there is hardly any difference between thermal and energetic deposition ͓200ϫ200 points, ͑a͒,͑b͒ ⌬tϭ0.001 and ͑c͒,͑d͒ 0.0001; ⌬xϭ1; LU: length units͔.
FIG. 2. RMS roughness for the simulations of different film preparation techniques:
With increasing temperature, decreases, where the decrease for thermal deposition is stronger. In the high temperature regime, the difference between thermal and energetic deposition vanishes. For 500°C only the deposition of two monolayers ͑ML͒ was simulated.
FIG. 3. Height-height correlation functions for different deposition methods: Structure formation is primarily present with thermal deposition, while it is inhibited with high energy particles. The three curves for thermal deposition are almost undistinguishable.
the displacement effect at high temperatures, leading to pronounced structure formation in the high temperature regime. From the height-difference correlation functions, the roughness exponent 3 can be determined as ␣Ϸ0.95Ϯ0.1 in the high temperature regime.
To conclude, the numerical solution of the continuum model applied here shows the fundamental aspects in agreement with experimental observations and KMC models: The roughness for energetic particle deposition is smaller than for thermal deposition. The difference decreases with the increasing temperature. At low temperatures, only thermal deposition shows pronounced structure formation, whereas films produced by energetic particle deposition are much better described as self-affine. The difference between pulsed deposition at different pulsing rates and continuous deposition is not significant concerning roughness for all the temperatures and pulsing rates investigated, which were chosen as parameters in accordance with the experiments.
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